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TECHNICAL MEMORANDUM NO, 10256

SELF—IGNITION AND COMBUSTION OF GASES*

By A. S. Sokolik

The extraordinary diversity of the combustion phenome—
na and their significance for the most important fields of
engineering application have given rise to a large number
of investigations both experimental and theoretical the
object of which is to give a chemicophysical description
of the various types of combustion., The most urgent as
well as the most complicated problem is that of finding the
relation between the various combustion processes (for ex—
ample, self—ignition, flame propagation, detonation) and
the kinetics of the chemical processes involved (complex
chains of oxidizing reactions) that lie at the basis of
every phenomenon of combustion and inflammation. Only the
first steps have been taken in this direction, limited for
the most part to & mere statement of the prodblem to be in—
vestigated and an indication of the methods of investiga—
tion to be followed, but we are still far from any theoreti-
cal generalizations whiech would enable us, at least for
the simplest cases, to determine by computation the temper—
ature, limiting pressure, or self—ignition lag, veloclty
of flame propagation, detonation limits, etc., for any
given physicochemical conditions.

The setbting up of a general theory of combustion is
rendered difficult by the complexity of the phenomenon,
associated with the simultaneous effects of purely physico—
chemical factors (heat generation and hydrodynamics), and
the mechanism of the preignition processes and kinetics of
the reaction.

Notwithstanding the progress made in the developnent
of these fields of physical chemistry especially in the
working out of a general theory of chain reactions, we are
sti1ill constrained to make use of more or less hypothetical
schemes even vhen considering the very simplest chemical

systems, such as B, + O2 or CH.4 + 02. As an example, let

us consider one of the schemes giving the successive ele—
mentary reactions in the combustion of methane, as proposed
by Semenoff {reference 1) and Norrish (reference 2).

*Progr. Phys. Sci. (USSR) 23, no. 3, 1940, pp. 209—250.
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According to thls scheme the chain reaction is begun .
by the reaction of a molecule of GH4 with atomic oxygen

(which thus presupposes a preliminary dissociation of the
oxygen molecule into atoms):

. 1
CH, + 5 0, —> CH, + H 0.

The chain is then extended through the radicals CH and

2
atomic oxygen O:

032 + 02 —> HCHO + 03

0+ CH; —> H20+ CHa

Besides this fundamental chain there is possible the for—
mation of new chains Ghat is, branching chains), for ez—
ample, as a result of the oxidation of formaldehyde:

HCEO + G, —> H_0 + €O + 03

0 + CH, —> CH_ + H_0

We may note the fact that this scheme figure, together with
others, oanly as one of the many possible reaction mechanisms
and, what is more imwportant that the sevarate stages of this
scheme have not been confirmed by any direct experiment,
but heve received only a number of incidental indirect ex—
perimental proofs, as, for example, the establishment of
the existence of the free radical (i, {reference 3).

Thus our »resent--day conceptions as to the concrete
mechanisn of the ignition reactions are in no casce based on
indisputable experimental data and appear only as probable
hypothetical schemes,

The most important problems of investigaticn are there—
fore the chemical nature of the combustion reactions and
the explanation of those laws which connect combustion with
the general kinetic character of coabustible mixtures,

In our present article we exclude from coansideration
investigations of a purely chemical nature notwithstending
threir undoubted inportance both for the theory of combus—
tion and for certain technical problems (especially for
problems of detonation in the internal combustion engine),
Qur vpaper is therefore devoted essentially to those investi—
gations of recent years in which new combustion phencmensa
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or new methods of studying them experimentally are brought
out or to investigations that throw new light on alrsady
known phenomena.

SELF—IGNITION OF GASEOUS IMIXTURES

The gradual increase in the temperature of a comdbusti-—
ble mixture at constant pressure or increase in the pressure
at constant temperature leads to an acceleration in the
velocity of reaction until the rate of heat liberation
starts to exceed the rate of heat conduction to the walls
of the vesgel. As a result, there is 2 progressive self-—
heating of tne combustible mixture that leads to a still
greater spontaneous increase in the velocity oI the re—
action and practically iastantaneous development of heat
of reaction within a certain volume of the gas; that 1is,
to its inflamnation.

The above conception of the limiting conditions of
self—ignition was expressed by Van't Hoff (reference 4) in
the following vords: "The temperature of self—-ignition is
that tenperature at which the initial loss of heat caused
by heat conduction, and so forth, 1is equal to the heat
which at that instant is produced by the chemical change.™
In accordance with this conception, the explosion itself
should be prcceded by a period of relatively slow increase
in the velocity of the chemical reactionr corresponding to
the slov rise in the temperature, at times hardly noticeable.
This interval (called the induction periocd or the self—
ignition lag) can be visually observed, for example, on the
admissior of a combustible mixture into a bomb provided at
one end with a window. Under certain conditions, as for
the mixture of methane or ethane with air at temperatures of
about 500° C, explosion can occur only after an interval of
several uninutes after acduission of the mixture into the
heated bomb. This means that for self—ignition to occur it
is not sufficient merely that the mixturc be heated up to
a certain temverature beyond the liniting tenmpecrature dut a
definite time interval is necessary for the development of
the preinflammation reaction corresponding to the induction
period. For nany practical cases the possibility of ex—
plosion ibtself is conditioned by the time factor.

Let vs consider the question of the application of
electric safety lanps in an atmosphere containing combusti-
ble gases, for exanple, in coal mines wvhere the bresence of
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methane is possible, or in naphthe tankers where the atmos—
phere may contain the vapors of various hydrocarbons en—
tering into the comvosition of naphtha and its products
(pentane, etc.). In the case of accidental breaking of

the glass bulb of the lamp in such an atmosphere an ex—
plosion is possible from contact of the gas with the glow—
ing filament heated to a temperature of about 3000° C;

that is, much higher than the minimum self—ignition temper-
ature of any combustible mixture (for methane it is less
than 500°-250° C). To prevent explosion, such lamps are
provided with special automatic cutouts that disconnect

the circuit at the instant the protective covering sur—
rounding the electric lamp and filled with inert gas under
pressure is broken., Immediately after disconnection of

the circuit the hot filament and the combustible mixture
coming in contact with it partly diluted with the inert gas
start to cool, the rate of cooling depending on the filament
temperature, As measurements have shown, however, this
temperature of the filament at the instant of contact with
the combustible mixture is considerabdly higher than the
minimum self—ignition temperature. Kence the possibility
of preventing explosion will depend primarily on the length
of the induction period corresponding to the given temper—
ature conditions. In the case of methane or pentane, which,
as experiment has shown, seif—ignite with a relatively long
delay period (of several seconds), it is possible to design
an efficient safety lamp. These lamps are found, however,
to be quite unsafe in an atmosphere containing hydrogen

(in potassiun mines, for example) in correspondénce with
the fact that for this gas the self—ignition lag is exceed—
ingly short (of the order of 0.0l sec ) although the mini-
mum self—ignition temperature differs little from that of
pentane {(also about 500° C).

The existence of the self—ignition lag shows up in the
fact that self—ignition under no ezperimental conditions
occurs simultaneously throughout a sufficlently large volume
of gas heated to the self—ignition temperature. If, for
example, the comdbustible mixture is heated to the self—-
ignition temperature by adiabatic compression, then, as
observed by Dickson (reference 5) who photographed the
process of the flame development on a film moving in a di-—
rection perpendicular to the axis of the bomb), self—
ignition occurs always at some point. This fact is a re—
sult of the unavoldable non—uniformity.of the temperature
distribution and especially of the active centers, so that
at any relatively smalil part of the volume with maximun
temperature and concentraticn of' active molecules the
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conditions exist for an earlier completion of the induc—
tion period.* The local occurrence of inflammation, as
shown by the flame photographs of figure 1, is propagated
over the rest of the volume of the gas almost in the same
manner as the ignition of a cold gas by an electric spark.

FUNDAMENTAL LAWS OF SELF-IGNITION

As follows from the definition of self—ignition, the
latter is determined by the condition where the increase
in the temperature at constant pressure gives a rate of in-
crease in the velocity of the reaction and liberation of heat

. E\
9 . iwe: w ~Qu = ac ELJ
according to the law of Arrhenius: w Qa = Ae s

considerably greater than the loss in heat from heat trans—
fer, which may be taken as proportional to the difference
in temperature between the gas and the surrounding medium
(Qp = (T — T6)). 1In exactly the same manner the reaction

velocity and heat liberation increase with rise in pressure
at constant temperature when the heat lost by transfer in
general does not change with the pressure and the reaction
velocity is proportional to a certain power of the pressure
(for example, w ~ ap?® for a bimolecular reaction). From
this it evidently follows that it is incorrect to consider
the self—ignition temperature as a physical constant for a
given mixture but that its value may within wide limits
vary with the conditions under which the heat 1s liberated
(diameter of the vessel, character of heat transfer to the
walls of the vessel, etc.).

On the basis of the above considerations Semenoff was
the first to give a mathematical formulation for the limit—
ing condition of self-—ignition, namely, as the condition
of equality of heat loss and heat gain from the reaction,
Graphically this corresponds to the condition of tangency
of one of the curves (2 in fig., 2) showing the variation
with temperature of the amount of heat liberated per second

4 E

at various pressures\xaccording to the law Qg = Ae :RT/

and the straight line of heat lost by heat transfer as a
function of the gas temperature for constant temperature of
the bomd T, (corresponding ta the law Qp=k&(T—Ty)). The pressure

*On the manner of formation of these temporature fluctuations
in the gas, soco Semenoff (loc, cit. 114) and Norrish (refer—
ence 6),
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to which curve 2 tangent to the straight line corresvonds
is the critical mininum pressure at which self—ignition is
possible for the given temperature of the bomb, The con—
dition of tangency gives the following relation between the
critical pnressure and the self—ignition temperature:

td

N\

/’ ';'- \n T
&f~ e =B =const
7o/
D A E lz e .
or 1lg el s B where A = ——=—— and 3B is a constant
0 nR

depending on the composition of the mixture and on the
physical conditions of the explosion (in particular, on the
conditions of heat liberation, for example, the diameter of
the vessel).

The formula of Semenoff not only gives the relation
betveen the values of the critical pressure and tennerature
of self—ignition but their dependence on the xinetic pro .~
erties of the nixture as determined by the energies of ac—
tivation (constant A) and the physical conditions of the
explosion (constant B) and thus the method is indicated of
conputing the self—ignition linits

On the basis of the work of Semenoff a nore rizorous
theory of thernal explosion was then developed in the
vapers of Todes (reference 7) and Frank-Kamenetsky (refer—
ence 8) which showed the possibility of computing the self-—
ignition temperature and pressure under definite conditions
of heat liberation for very simple types of reaction (for

xample, the explosive decomposition of ¥_O0 (reference9)),

The formula of Semenoff has beecn frequently confirmed
experimentally, at first by Zagulin (reference 1C) and laber
by a number of other investigators under conditicans of ex—-
plosion at low pressures (of the order of sevoral contimeters
Eg). TUnder these conditions there was always observed =
lowering of the.critical self—ignition temperature in exact
correspondence wit:z the formula,

A further extension of the field of experiment to seif-
ignition at higher pressures (especially important for hy—
drocarbon—air mixtures and applicable to nrobdlems of the
internal combustion engine) has brought out the limit of
applicability of Semenoff's formula.® This is clearly shown

*See the corresponding remarks in the papers of Haylor and
Wheeler (reference 11) and our own (refercnce 16).
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by the appearance of the limiting curve of the self-—
ignition region in figure 3, typical for the majority of
hydrocarbons, Only a small portion, corresponding to low
pressures and high temperatures (A3 in fig. 3), gives

such a lowering in the critical pressure with rise in
self—ignition temperature as required by Semenoffl!s formu—
la. TFor the remaining larger portion of the limiting
curve experiment givesg another relation between these ei—
plosion parameters, for example, an increase in Pexpl

with increase in T on the portion BC corresponding to
the upper limit of self—ignition (where the self—ignition
vanishes with increasing pressure at constant temperature)
or almost a complete constancy of the critical pressure
with change in temperature within wide limits — from 400°
to 450° to 300° C on the portion DE, corresponding to the
transition from the upper temperature zone to the lower
temperature zone of self—ignition;* or vice—versa an al-—
most complete constancy of self—ignition temperature with
change in pressure within wide linits (from 2 to 30 to 40
atm) on the portion EF corresmonding to the minimum self-—
ignition temperature temperature.

Without considering in detail the cause which gives
rise to the different variation of the two explosion pa—
raneters, namely, the temperature and pressure of self-—-
ignition, we may observe merely that this in no way con—
flicts witlhh the correctness of the considerations upon
which the formula of Semenoff is based but is associated
either with the special effect of the pressure on the
development of chain reactions (for example, with the in-—
creased Dbreaking of the reaction chains and the increased
difficulty of self—ignition due to the increased number
of triple impacts with pressure rise) or with the fact
that the preinflonmation reactions in the low—temperature
zone consist of several opposing processes reacting differ—
ently on the variations of the tenperature and pressure.
Independently, however, of these reasons the conclusion
is indisputable, nanmely, that the seli—ignition tempera—
ture not only is not a physiocochemical constant for a
given combustible mixture (since it depends very largely
on a number of physical conditions determining the charac—
ter of the heat liberation of the reacting gas), but the
very concept of self—ignition tenperature has no physical
significance if the corresponding pressure is not simul-
taneously indicated.

*¥pAccording to the tests of Townend (reference 12) on this
portion of the curve there is even a sharp drop in Pexpl
with decrease in teuperature a fact associated with cir—
cumstances of his experinental procedure (reference 13).



8 NACA Technical Memorandum ¥o, 1025

In exactly the same manner the self-ignition temper—
ature and pressure are closely bound up with the time
factor, namely, the corresponding induction period. The
guantitative relation between the induction period and

he self—ignition temperature was first given by Tizard
and Pve (reference 14) in their fundamental self—ignition
investigations at adiabatic compression. Subsequently a
more general formula was derived Dby Semenoff giving the
relation between all three explosion paramebters— pressure
(p), temperature (T), and induction period (T). The
formula followed from the general law of the development

of the reaction velocity with time: w = ae¥® and the
general condition for self-ignition ©T = const, where
Y
T
(P = pl‘le
fy
I
The general formula TpZe =const was first ex—

perimentally established by Neiman and Yegorov (reference
i5) for the self—ignition of methane at low pressures.

As follows from the formula, the induction »Heriod should
decrease with increasing pressure and rise in temperature.
The effect of the latter is especially largze for a suffi—
ciently large value of the temperature coefficient .
Thus for < = 20,000 (and in certain cases its value is
still higher) an increase in the temperature of 10° at
300° ¢ almost halves the ignition lag.

The same relation between the ignition lag and the
temperature may De considered also from a different wnoint
of view, namely, self—ignition should occur a% a lower
temperature (but not below the minimal) the greater the
time allowed for the development of the preinflammation
reaction,

The extension of the field of experiment %o higher
pressures also showed, however, the limited applicadility
of this formula in its general form, for exemple, the
constancy of the lag for hydrocarbon—air mixtures in the
temperature range 400° to 600° C, and counversely, the
constancy of the lag with pressure in the low—temperature
range 400° to 280° C (reference 16). Investigation at
high self—ignition pressures of hydrogen—air mixtures
showed that for these the induction period does not depend
on the temperature and sharply decreases with rise in
pressure over the entire temperature interval: 500° to
700° C. ©Thus the self—ignition of hydrogen—air mixtures
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at p > 1 to 1.5 atm is described by the formula: Tp® =
const independent of the temperature at wbhich the self—
ignition occurs (reference 16). In the original papers
are given examples of the use of these experimental re—
sults for the practical treatment of important explosion
phenomena.

On the. basis of the fact that the self—ignition tem-—
perature is not a chemicophysical constant there has been
observed a tendency among a number of recent investigators
to exclude, in general, all explosion parameters (T, p, T)
.taken from physical chemistry and substitute for them basic
magnitudes which directly characterize the kinetics of the
process, for example, the reaction velocity, its energy of
activation, etc., This tendency 1is somevhat Jjustified Dby
the difficulty of constructing a strict theory of flame
propagation making use of the explosion parameters. Their
experimental values and, in particular, the relations exper-
imentally established between them provide, however, a
correct orientation for the consideration of many techni-—
cal problems, If, for example, the absolute values of the
induction periods, measured on alr mixtures of hydrogen
or pentane under definite laboratory conditions cannot be
applied to actual explosion conditions (for example, ex—
plosion from a heated lamp filament) these values of the
induction periods nevertheless provide a desired criterion
for judging the relative safety of the apparatus in an at—
mosphere of pentane and hydrogen.

The comparison study of the induction periods of heavy
Diesel o0ils in a Dbombd under conditions, in general, differ—
ent from those in the Diesel engine nevertheless makes
possible a correct estimate of the characteristics defined
by the so—called "cetene number" (references 17 to 19).

The bombd investigation of the relation between the
self—ignition lag of light engine fuels and the pressure
and temperature in various temperature intervals has led
not only to a number of important conclusions on the con-—
ditions under which debonation occurs in the spark—ignition
engine but also to a correct gquantitative relation between
the value of the temperature coefficient v for the in—
duction period and the critical degree of compression char—
acteristic of the detonation propertiecs of the engine fuels.
(See reference 20.)
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INVESTIGATIONS O SHORT INDUCTION PERIODS

liethod of rapid admission.— The visual measurement
of ignition lags is possible only under restricted con—
ditions either low pressures or low temperatures (near
the minimum temperature) for lags not less than 2 %o 3
seconds, Of greatest practical interest, however, 1is the
study of short ignition lags. In the work of our labora—
tories (the first systematic investigations of self—
ignition with short lags) there was successfully used the
method of quick admission, schematically shown in figure 4.

The combustible mixture from the vessel 1 is ad—
nitted to the heated bomb 2 through a quick—acting svring—
loaded nozzle 3 so that the entire filling process of the
bombd takes place in 3 to 5 X 1072 second. The rapidity
of the admission, the fundamental characteristic of the
nethod, is required for the study of short induction periods.
The induction period is measured with the aid of an optical
diaphragn of manoneter 5 by photographically recording the
pressures, A sanple recording is shown in figure 5., The
Induction period here corresponds to the horizontal part
of the pressure dilagran from the instant of comnletion of
adiission to the sharp risc of pressure on explosion,

In addition, however, to determining the induction
period a detailed investigation of the pre—explosion pro—
cesses in the gas is very inportant, This is a problem of
great practical difficulty since it is sometimes necessary
to measure the extremely small pressure variations due to
the slow reactions during the induction period while simul-—
taneously recording explosion pressures of the order of
tens of atmospheres. The difficulty is, however, entirely
elizminated by the use of an optical Cifferential manometer
applied by Neiman and his coworkers (reference 21), Fane
(reference 22) and in its most perfected form in our labo-
ratories (fig. 6).

The manometer is divided by a thin diaphragm 1 into
two chambers, one of which coamunicates with the vessel 4
and the other with the bomd 6. The vessel 4 is provided
with an electromagnetically operated nozzle that closes
the admission passage by the action of a spring and opens
vhen the circuit through coil 5 is closed., The thin dia—
phragm of the manometer is connected with an optical sys—
tem and is stopped on both sides by the thick perforated
membranes 2 and 3. When the vessel 4 is Tilled to the
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given pressure (10 to 15 atm) the thin diaphragm presses
against the stop and is deflected in correspondence w1th
the increase in pressure on filling the vessel,

This pressure is recorded on the film as line a—D,
figure 7. When the mixture is admitted to the initially
pumped—out bomb the pressures in the two chambers of the
manomeber balance and stop 2 together with the diaphragm
return to the initial position. The process of balancing
the pressures in vessels 4 and 6, that is, the admission
process, 1s recorded on the film as line b—c, making it
possible to control the admission rate which, as shown by
experiment, is particularly important for the stabiliza—
tion of the self—ignition conditions (reference 13). On
the diagram there is furthernmore fixed the instant of dis—
connection of the electromagnet d. The bomd now communi—
cates with only one chamber of the manometer. The pressure
increase (e—f) from the reaction is recorded at first only
by the thin diaphragm 1 and then starting with pressures
higher than 100 millimeters up to the explosion pressure
by the simultaneous deflection of the thin diaphragm and
the thick one 3. At the initial pressures (5 to 10 atm)
our differential manometer records change in pressure
down to 5 millimeters and explosion pressures.

The photo record of figure 7 was taken under condi-
tions of low—tenperature self—ignition of a mixture of
ventane and air. We are dealing here with a two—stage
self—ignition process, first studied by Townend (refer—
ence 12), Weiman (reference 21), and Xone (refercnce 22).
The explosion itself in this case is precedecd by the for—
mation of a cold flame giving the products of the incon—
plete oxidation of the hydrocarbon.

The scnsitive diaphragn of the differential manometer
shows no noticeable increase in the pressure (and probably

the temperature) during the induction period T, up to

the moment of the occurrence of the cold flame. We are
therefore dealing here with an isothermal process in which
the development of the preinflammation reaction is deter—
mined exclusively by the branching of reaction chains. An
increase of the pressure in the cold flamc characterizes
its intensity and the degree of oxidation of the-hydro—
carbon,

After the cold flame and induction period T, thermal

explosion occurs at a relatively higher temperature with
the formation of the products of complete combustion Co,
and H, 0.
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The study of both stages of the explosion process by
these methods together with the chemical analysis appears
very promising not only for learning the mechanism of self-
ignition but also for throwing light on the urgent tech—
nical problems connected with the kinetic characteristics
of antidetonating fuels.

Method of flow through a tube.— If the combustidble
mixture is admitted through a tube heated to a certain
temperature then at a sufficiently high velocity of the
flow the self—ignition vanishes, the time in which the
gas 1s in the tube being less than the induction period
corresponding to the given temperature. The necessity,
however, of applying high velocities renders this method
difficult for the study of short ignition lags.

An attempt to get around this difficulty was made by
Sachsse (reference 23) by establishing along the tube the
temperature distridbution shown in figure 8. The passage
of the gas through the cross sections of tlie tube with
gradual increase of the temperature fron 100° to 820° ¢ is
considered by the author as a process of warming up and
only the tine of passing through the small portion with
the mexinum temperature (8200 to 850° C) serves in his
tests as a neasure of the induction period corresponding
to this temnperature.

The limitation of this method of measuring the in—
duction perilod is obvious since the tine ¢f prelininary
preheating of the mixture (during which chemical changes
are unavoidable) is six times as large as the time in—
terval during which the mixture is at the naximun tenpera—
ture.

Thus the condition is neglected whicih is put at the
basis of our method, that is, that in neasuring short in—
duction periods the time of prelinminary preheating should
be less than the nmininun value of the induction period
(or comparable with it).

Measurenents by the nethod of Sachsse will therefore
lead to anrn impalirment in the results which will be the
greater the more the mixture reacts during the preheating.
For methane, for which appreciable reaction velocities are
possible only at relatively high temperature (near the
maxinum temperature of the tube) this method may give a
value of the induction period relatively near the true wvalue.
For higher hydrocarbons, however, that start to oxidize at
considerably lower temperature the method of Sachsse will
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give results known to be incarrect, for example, to the
maximum temperature there will arbitrarily correspond
temperature coefficients that belong with the lower tem—
peratures of the preliminary heating.

Hethod of heated particles.— One of the possibili-

ties of explosion of a mine gas is by ighition from heated
particles from various sources, for example, friction
sparks (from certain roclk—cutting machines). The investi-—
gation of the self—ignition of combustible gas mixtures
due to heated particles carried through the gas at defi—
nite velocities besides being of practical interest pro—
vides a method of studying self—ignition for the case of
very short ignition lags.

The scheme of such a method as employed by Silver
(reference 24) is shown in figure 9. The small sphere (of
quartz or platinum) is heated in a quartz tube PP %o a
certain temperature measured by arn optical pyrometer. By
compressed air the sphere is projected out from the tube
and passes at a certain velocity into a brass box filled
with the combustible mixture to be tested. The valve for
the adnission of air into the tube PP is opened by the
freeing of a clutch (schematically represented by TS)
while sinultaneously the electric circuit is closed in the
solenoid. The iron core L then 1ifts the plate S so that
the slot 51 makXes PP connunicate with the box. The
latter is provided with the screen T that reflects the
sphere and with a cellophane diaphragn CR the rupture of
which serves to indicate the self—ignition of the gas.
Approximately the same apparatus was used in more recent
tests of the same laboratory (Glasgow University) by
Paterson {(reference 25) with the added provision of measur—
ing the veloclty of the sphere with the ald of a ballistic
pendulun and with a device for preventing the conpressed
air from entering the explosion vessel together with the
sphere.

At relatively constant velocity of the sphere (2 %o
5 m/sec) Silver neasured the liniting tenperature at which
inflannation of the mnixtures of air with pentane, illuni-—
nating gas, and hydrogen was possible inmediately after the
sphere reached the explosion vessel, The nethod of Silver
thus essentially provides a neasurc of the self—ignition
tenperature of a gas from heated surfaces for coanstant ig—
nition lags near gzero. Under these conditions, as seen on
figure 10, the self-ignition of the gases occurs at lower
tenperatures the larger the diameter of the heated sphere.
Particularly large for such ignition lag is the self—
ignition tenperature of methane for which self~lgnition
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could be obtained only with a sphere of diameter of 3.5
millimeters at a temperature of about 1200° C.

Silver considers the self—ignition process of the
gaseous envelope surrounding the heated sphere from the
point of view of the thermal theory. TFor a layer of gas
of thiclness dr surrouading a sphere of diameter a = 2vr,
the condition for self—ignition will be given by the
equality of the heat loss in the surrounding medium at
temperature Tq ard the heat liberated in the same layer
of the gas Dby the reaction. The heat losses are computed
as the difference betuveen the heat conducted through the
surface of the layer iz bthe surrounding gas and the heat
entering the layer from the sphere, 8wap(TE-— To)dr
where p 1is the heat transfer coefficient.

The heat given off by the reactlion in this layer is
A

el
equal to 4ma®dr QBe BTp yhere B is a constant includ—
ing the exponential factor in the equaticn of Arrkenius.
Thus the l1eat gain increases nore rapidly with inecrease
in the dismeter of the sphere (proportional to a®) than
the heat loss (pvoportlonal to a), which fact also explains
the facilitating of self—igniticn with increase in the
sphere &iameter.

The self—ignition condition is obtained by Silver as
the equation
A

BTy
8map (Tp — To) dr = 4ma®drGfe ?

vhich nay be brought to the form

A
20 RT
a = 22 (17, — 7 )e P
g 7P ©
Ty =T A
or 1g——97;—— = 152%——§E§

This equation well describes the experimental results
shown in figure 10 but with somewhat unusual consequences.

m
m. - 4 _.’—"'—.O i
The values of 15_é___ plotted against g; give as
{
P



ey

NACA Technical llemorsrndum Ho, 10256 15

follows from the equation, a straight line. For all gases
investigated, however, Silver obtains the same slope for

the lines, that is, the same value of the activation energy,
from 20.5 to 22.5 calories. In the opinion of Silver tunis
neans that under the given conditions the self—ignition of
the gas is the result of a heterogeneous reaction on the
surface of the sphere although this explanation 1ittle agrees
with the identical results obtained by him for quartz and
platinum spheres.

Paterson investigated the effect of the velocity of
the particles on the self—ignition temperature of illuminat—
ing gas, an increase in the temperature with increasin
velocity of the particles being taken by Paterson as proof
of the fact that the self—ignition process must not be con—
sidered from the point of view of the "surface theory" only
and that a considerable part is here played by the ¥mecha—
nism of the energy transfer, whether thermal or by a chain
process.t The character of the surface, howvever, (condi-
tioned, for example, by »nrevious use of the spheres for ex—
plosion tests) is also of fundzmental imporiance.

Analyzing the self—ignition process as Silver does
from the point of vier of the thermal theory Paterson con—
siders the heat trensfer as mainly convective. Hence in
the formula for the heat transfer

az -
—C _ Aa-!-hcﬂ(TS —_ Tm) A/Re
dt :
where the Reynolds number Re = ZVap/g the velocity enters

so that the heat is proportional to W~V . Paterson obtains
a relation of the form
A
<%

D(Tg —~T,) T2 =pa®Pe RTs

where D 1is a constant that includes the density, viscosity,
an@ heat of the reaction,

As may Dbe seen, the relation obtained by Paterson be—
tween the self—ignition temperature and the velocity of the
varticles in no way indicates any variation with the temper—
ature of the self—ignition lag, which in this case, as also
irn the tests of Silver, remains constant and near the value
zero. An increase, however, in the self—ignition temperature
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with increase in the velocity of the particles, as follows
from the given formula, is directly associated with an in—
crease in the heat loss from convection proporitional to ST

The equation of Paterson, presunposes moreover a lover—
ing in the self-—ignition temperature at constant velocity
(V) and diameter of particle (d) with rise in the tempera—
ture of the gas (Tw). As has been shown by tests, howvever,
a rise in the initial temperature even by 200° C in no way
showed any effect upon the magnitude of the minimum tenpera-—
ture of the particle.

The tests of Silver and Paterson do not provide any
direct experimental data as to the dependence of short ig—
nition lags or %the temperature and consequently caannot be
used for checking the nondependence of short ignition lags
on the temperature as found in our tests. Some results of
the works considered, however, especially the nondenendence
of the temperature coerficient on the properties of the re—
acting gas, undoubtedly indicate & specifiic character of the
self—ignition under conditions of short lags and lend spe-—
cial interest toward further investigation in this direction.

FLAME PROPAGATION

Yormal combustiion.— Wondetonating comdDustion presents
a complicated phenomenon in which the moticn of the gas
itself is unavoidably included alcong with the propagation
of the reaction zones with respecct to the gas. This conm—
plication lies in the very nature cf "slow" buraning in that
the velocity of propagation of the reaction zoune with re—
spect to the gas (a process conditioned by heat conduction
and diffusion) is considerably less than the velocity of
propagation of the coupression waves which are formed in
the process of inflammation of each layer of gas and its
subsequent propagation,

The propagation of these disturbances in the gas occcurs
with the velocity of sound; whereas the velocity of prope—
gation of the reaction zone rarely exceeds z few meters per
second., This unavoidable separation of the mechanicsl ef-
fect of combustion from the combustion zone itself produces
a mass flow of the gas ahead of the flame front. The nrop-
agation of the reaction zone thus occurs in a moving gas
and it is necessary to take account not only of the motion of
the gas along the axis of the tube (the velocity of wvhich
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is simply added to the velocity of propagation of the re—
action zone with respect to the stationary gas) but also
of disordered turbulent motions that increase the hsat
transmission from the combustion zone to the fresh gas,

The turbulence formed ahead of the flame front in
"slow" combustion is a fundamental factor in causing ex—
plosions by coal mine dust. The ignition of mine gas
(methane) would in itself present no serious danger in view
of the relatively small quantities if it were not a prin-
cipal cause of the explosion of coal dust., The air motions
themselves ahead of the flame front raise the coal dust
from the ground mixing the dust with air and thus form a
medium in which the explosion is propagated with continu—
ally increasing velocity (sometimes above 1000 m/sec) and
develop considerable pressure (higher than 10 atm). The
formation of a dust cloud ahead of the flame front is seen
on the photograph of figure 11 taken at a certain time be—
fore the appearance of flames at the mouth of an experi-—
mental mine.

The investigation of the air motions ahead of the
flame front is one of the most important problems carried
out in adits under conditions accurately reproducing those
of mine explosions,* and among the various means taken for
the prevention of explosions not the least important are
those the object of which is to make dAifficult the forma-—
tion of dust clouds,

The investigations of Coward (reference 26) of recent
years have Dbrought out still another important factor on
which the velocity of flame propagation depends: namely,
the change in the flame front itself under the effect of
"convection flows caused by differences in the densities of
the burning and the fresh gas." Successive photographs of
a flame front, obtained by Coward in various stages of prop—
agation along the tube, show that a plane wave front, or as
is often assumed, a hemispherical front is in most cases an
arbitrary idealization., The flame front, as seen in the
Photographs of figure 12, curves continuously and elongates
as it is being propagated so that its surface area is con—
siderably above the cross—sectional area of the tube.

*For a description of these experimental methods see the
book of Dolgov and Levitsky, Explosive Properties of Coal
Dust. Charkov, 1233,
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Starting from the fact that the yolume of gas dburn—
ing ver wnit of time is proporflonal te the area of the
flame front, Coward introduces the concept of "fundamental
velocity™ of flame propagation (eguivalent to the previ—
ously used term "normal velocity") as ™Mhe linear velocity
of propagation directed perpendicular to the flame front
and occurring in a stationary nixture at constant tempera-—
ture and pressure ahead of the flame froant." The ovserved
velocity of the flame propagation corresponding to this
will exceed the "fundamental velocity" iz proporticn to the
increase in the flame front area as a result of curvature.

The measurements carried out by Coward and Hartwell
for a mixture of methane and air showed that in a tube of
diameter 5 centimeters (that is, cross—sectional area of
20 square centimeters) the flame front area varies within
the range of 60 to 117 sguare centimeters for varlious con—
centrations of methane, OCorrespondingly, the velccity of
Tlane propagation changes from 30 to 90 centimeters per
second; while the funcamental wvelocity lies within the
range of 6 to 27 centimeters mer second.

4 particularly strong increase in the Tlame—front area
shovws up in tuves of larger diamneter vhere the correspond—
ing flame propagation velocities may be very high., This
fact, in particular, must be taken into account in comnput-
ing safety structures in ventilating systens which handle
burning gases,

Measurement of the norral flame velocitv.— Cnly the
"fundanental’ or ¥nornal' velocity of the flame is direct—
ly connected with the »nhysicochemical pronerties of the
comnbustible mixbture and does not depend on those hydrody—
namic conditions under which the flame propagation is ob—
served. The "fundamental! velocity thus acquires the

significance of a certain physicochemical constant.

Coward and Payman (reference 27) give the following
formula that talkes account of the basic factors* that do—
teraine the velocity of flame »ropagation: the observed
flane velocity = fundamental veloclty X area of flame
front/area of tube cross section + velocity of motion of
burning nmediun,

*We say "basic" because here, as in our previous considera—
tions, no account is taken of the change in the gas pres—
sure and tennerature which occur in combustion in closed
vessels and lead to a continuous change in "fundanmental®
velocits,
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The measurement of the fundamental velocity corre—
sponding to this formula under conditions of combustion
in a tube 1s extremely complicated, not only because of
the necessity of measuring the area of a moving flame
front (as is shown in fig,. 12) but also because of the
difficulty of determining the velocity of motion of the
gase. As Coward himself remarks, the method indicated is
applicable only to such slow—bdburning mixtures like those
of methane and air near the limits of propagation, that
is, where the speed of combustion is relatively small and
where, consequently, it is permissible to neglect the mass
flow of the gas due to0 the combustion.

However limited the application may be, the indis—
rutable service rendered by Coward is that he revealed a
new source of error in the measurement of flame propaga—
tion by the classical method of liallard and ILe Chatelier
(reference 28). In many investigations of flame propaga—
tion in a tube since the time of Le Chatelier, although
special precautions were taken that the combustion should
take place under conditions of constant pressure (by making
the ignition end of the tube communicate uvith the atmos—
phere or with a constant pressure reservoir (references
29 and 30)), no attention was paid to the possibility of a
change in the flame—propagation velocity due to an increase
ir the flame—front area., Only the tests of Coward have
shown the fundamental possidbility in the complicated phe~
nomenon of flame propagation in the tube of separating that
part of combustion velocity which has a fundamentoal physico—
chemical significance. A notable confirmation of the cor—
rectness of the method of Coward is the agreement of the
value of the normal velocity of flame propagation obtained
by measurements in tubes with the values for the same mix—
tures measured in the cone of a Bunsen flame (reference 31).

The normal flame velocity is measured most simnly in
the flame cone formed by the Bunsen burner. The method of
measuring the flame velocity was worked out independently
by Gouy (reference 32) and llichelson (reference 33) based
on the fact that in the stationary cone of the flame, the
surface of which is also that of the combustion front, (or
as denoted by lichelson the "inflammation surface™) the
volume of gas per second flowing out from the burner should
be equal to the product of the area of the cone by the value
of the normal velocity of propagation. Thus it is also
necessary, in order to determine the normal velocity, to
measure the area of the flame front. This measurement, how—
ever, is a much more simple process, as the flame front is
stationary.*

*The theoretical and experimental treatment of this method
is given by Chitrin (reference 31) and Smith (reference 34).
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The series of photographs obtained by Chitrin, given
in figure 13, shows how, for a constant velocity of flow
of the gas, the surface of the cone decreases with in-
crease in the flame propagation velocity corresponding %o
the formula Q = uS, where u 1s the normal velocity of
flame propagation and S the area of the cone.

At very large velocities of flame propagation (for
examnple, in the case of the combustion of hydrogen or
acetylene), it is necessary to increase correspondingly
the velocity of flow of the gas from the burner in order
to obtain a flame cone of sufficient height or avoid es—
cape of the flame into the burner.

The possibility of investigation of flame propagation
in the burner is also limited, howvever, by the rlow of
"secondary" air from the surrounding atmosphere towvard the
flame., I% is due to this unavoidable dilution of the mix—
ture flowing from the burner dy the surrounding air that
makes it possible to observe in the burner a steady com—
bustion of the mixture with excess of the combustidble far
beyond the upper limit of inflaunation, for example, of
mixtures containing up to 17 percent methane (upper ex—
pilosion 1limit of methane in air about 13,5 percent). On
the other hand, owing to the same dilution with "second-—
ary" air in the burner, combustion is impossible for mix—
tures with such excess of ailr for which steady combustion
in a tube i1s still possible, that is, for mixtures lying
considerably above the lower limit of inflammatiorn, for
example, mixtures containing less than 7.3 percent methanse
(lower explosion 1limit of methane in air 5.9 percent).

While the diffusion of air into the flame of a Bunsen
burner is of only secondary importance, however, and socme—
vhat changes the composition of the burning umixture, in
some cases (match flames, candles, gas lighters) we are
dealing with diffusion flames 1n which the formation of
the burning mixture is entirely due to diffusion.*

Among the original nethods for studying flame propa—
gation, an interesting one is that of the "constant—
pressure bomb" developed in 1928 by Stevens (reference 36)
and later perfected by Fiock (reference 37) and others (at
the Bureau of Standards, USA).

*The theoretical analysis of diffusion flames is treated
in the book of Lewis and Elbe (reference 35)(chapter XIII).
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The vessel containing the combustible mixbure is in
this case a soap bubble at the center of which is located
a ‘spark zap (fig. 14). Dependirg on the pressure at which
the flame velocity is measured the bomb in which the soap
bubble is placed is filled with an inert gas up to a cer—
tain given pressure {above or below atmospheric). Under
these conditions the propagation of the flame occurs with
2 constant increase in volume, as shown by the series of
photographs on figure 15, and consequently at constant
pressure. The velocity of propagation of the spherical
flame front can be measured either by the photographs shown
on figure 15 or by the trace of the flame panotographs
through a narrow slit in the bomb on a film ocn a rotating
drum, The flame velocity Ss corresponding to the tangent’
of the angle of inclination of the flame trace to the di—
rection of motion of the film (fig. 16) is determined not
only by the propagation of the reaction zone relative to
the gas but also Dy the motion of the gfas itself as a re—
sult of its propagation ian the process of combustion. The
degree of this propagation is given by vhe relation

4
mr! . R .
LLLﬁl—, where r 1is the radius of the soap bubble at
T
the instant of inflammat ion and nr! its ralius at the

end of combustion., The normal velocity of the flame is
then Si = Sg! /3.

The limitation in the application of this method is
associated mainly with the effect of the soapn film itself
(moisture) on the combustion, particularly large for such
gases as (O,

Flane proragation in internal combustion engines.— Par—
ticularly complicated are the conditions of flame propaga—
tion in the interrnal combustion engine vhere together with
the general reasons for the curvature of the flame frony
(convection) there are other specific factors, namely, tur—
bulence caused b the passage of the mixture through the
suction valve and the motion of the piston in compression
and nonuniformity of the temperature of the combustion
chamber, Moreover the flame propagation takes place under
conditions of changing volume (due to the motion of the
piston), changing cross section of the combustion chamber
and pressure and temperature of the gas. In short the
velocity of flame propagation in the engine depends less
on the reaction properties of the mixture and the normal
coembustion rate than on hydrodynamic factors associated
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r example the number of
s design (particularly

on the shape of combustion chamber). In connection with

this fact the computation of the
gation in the engine for a given
obtained Dy any of the described
sidercd as impracticadble.

For the above reason special
to the methods of direct observat

velocity of flame propa—
nornal rate of combustion
methods should be con—

inportance is attached
ion and recording of the

flame propagation in the engine with the aid of ionized

intervals at various points of th
(references 38, 39, and 40) or pho
the flame (references 41 and 42).

In 1936 Rassweiler and Withr
(General Motors Co.) developed an
was possible to obtain up to 2000
second through a quartz window in

e conbustion chamber
tographic recording of

ow {references 43 and 44)
apparatus by which it
flame photcgraphs per
the engine head (fig. 17).

A series of photographs for one cycle for normal engine

speed as shown in figure 18 nakes
determination of the velocity of
the changes in the flame front in
One of the effective apvlicatvions
possibility of wvisual observation
combustion in the cylinder by the
a film on the screen,

Finally, simultaneously with
flame the recording of the change
the establishment of an important

possible rot onliy the
flane prozagation but also
the process of combustion.
of this method is the

of the entire process of
slow projection of such

prhotographing of the
s in pressure has led to
relation between the

volume and the mass of the fuel charge. This males it

possible, for example, to determi

ne directly by the indi-—

cator diagram which part of the charge has burned at any

stage of the cycle,as shown in fi

RETARDED LUMINOSITY OF THE FLAMNE

gure 19.

AND TEMPERATURE GRADIENT

The attention of investigators has frequenily been

drawn to the phenomenon of a more
luminosity arising in the product
location of the ignition source.

stantaneous photographs are taken

or less intensive after—
s of cowmbustion near the
By this luminosity in—
in the combustion of (O

in a spherical vessel with the ignition spark in the center

of the vessel (fig. 20)(reference

45). Starting with photo-

graph 5 when the flame front has almost reached the vessel
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wall there appears in the center an intensive luminosity
gradualliy spreading to the entire combustible mixture,.
This does not occur only near the sparixz but lasts longest
there, The authors experimentally investigating the phe-—
nonenon of retarded luminosity, are inclined +to0 ascribe

it to the burning of the non—reacting parts of the carbdon,
the heightened intensity being explained by the combustion
under relatively higher pressures and temperatures.

A more correct explanation of the phenomenon of re—
tarded luminosity was given by Lewis and Von Elbe (loc.
cit, 166—176) associated by them with the formation of a
tenperature gradient in the products of combustion, as
was theoretically shown by ilache (reference 46). The oc—
currence of a tenperature gradient becomes clear from ob—
servation of the combustion of the snall initial portion
of the charge near the ignition sparlk and the last part of
the charge at the wall of the vessel, The fundamental
difference in the conbustion of these parts of the charge
lies in the fact that the conbustion of the initial part
occurs with propagation at a pressure almost egual to the
initial (for example, at p3y = 1 atn) and is sudbject to a
conpression, durirg the process ol compbustion at higher
pressures, increasing from pji to Dpyx (for ezanple, from

1 to 8 atm). The work in conpression for this part of the
charge is consequently considerably higher than the work
in propagation., On the other hand, the last part of the
charge 1s at first subject to conpression from to
this

case the worll in propagation is greater than the work of
conpression., In short the first part of the charge re—
ceives a certain excess of energy as conpared with the
last part of the charge. A4t comnplete equality of pressure
through all the charge the initial part of the charge is
at a higher tenperature than the last part.

.
K
-4

b

pan

Pinax and then burns with propagation at prgx. I

An idea as to the probable nmagnitude of fthe tenpera—
ture gradient can be obtained from the sinplified conpuba—
tion of Ribaud (reference 4%7) for the conbustiowr of the
mixture CO + 1/2 0, + 2¥_  =C0_+ 2N_+ 68 calories. With

the initial temperature T3 = 300° K the temperature after
combustion of the initial part of the charge (with sinul—
taneous propagation, that is, at p ~ const) is approxi—
nately (without taking dissociation into account):

68000
13.3 + 2x8.1

T = 300 + = 2650° ¥

initial
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The subgequent compression from the initial pressure
(1 atm) %0 the final (8 atm) raises the temperature of
the initial part of the charge to

0.4
2650 X 83% = 4900° X, taking v¥=

mr ., L, =
L initial

cp/cy = 1.4. The temperature of the last part of the

charge before burning as a result of the previous compres—
9.4
300X 8% = 550° K and after combustion

It

gion is Trinal

— —_ Q
Tfinal = 560 + 15.7 + 2X8.5 = 2800 X

Thus the temperature gradient betweenothe initial and last
parts of the charge is 4900° to 2800° = 2100°.

Actually (due %o dissociation) the difference in these
temperatures is considerably less., Thus for the case of
the explosion of ozone Lewis and Von Elbe (loc, cit. 175)
obtaired a temperature gradient 2252° to 1825°% = 7279,

In any case it is sufficiently large to explain the in—
crease in the luminosity in the central portion of the
charge.,.

The existence of a temperature gradient has been shown
by Withrow and Rassveiler (reference 48) by the direct
measurement of the temperature of the gas in an engine pro—
vided with windows by the method of sodium line reversal.
The light from a heated tungsten filament the temperature
of which may be measured and varied within wide limits is
admitted through the charge, to which have been added
traces of sodium and into the slit of a spectroscope. By
imeans of a stroboscopic disk that instant of the cycle is
deternined at which the measurement is made, A number of
successive photographs of the spectrum with gradual in—
crease in temperature of the light source show, as is seen
on figure 21, the temperature at which the reversal of the
lines occurs (for which the temperature of the gas becomes
equal to the temperature of the light source). In the
given case it lies between 3815° and 4015° ¥ (that is,
between 2120° and 2230° X).

Finally on figure 22 are shown the temperature data
for normal and detonating combustiocn in the initial and
latter parts of the charge. The temperature gradient
reaches a particularly large value in detonation {corre—
sponding to the large increase in combustion prossure) so
that the tenperature of the burning gas at the spark plug
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exceeds the flame temperature in the last part of the
charge by 390° C. As pointedly expressed by Boyd "the
highest temperature appears not in the flame dut in the
ashes." -

The temperature gradient in the gas leads to0o a more
intensive heating of the part of the combustion chamber
near the spark plug. According to the measurements of
Peletier (reference 49)(at the experimental station at
Delft) the temperature of the ecylinder head walls is here
50° higher than at the opposite end of the combustion
chamber, The heating of the spark plug electrodes caused
by the temperature gradient constitutes the danger, par—
ticularly great for an airplane engine, of preignition, a
phenomenon which leads to a sharp lowering in the engine
power and even to the stopping of the engine., To prevent
this 1t is necessary to increase the heat conduction from
the spark plug electrocdes and the parts near them and also
to equalize the temperature gradient by a more intensive
turbulence of the charge.

FLAME VIBRATION

The transition from the smooth continuous motion of
the flame to vibrational combustion had already besen ob—
served by lfallard and Le Chatelier. The flame vibration,
as shown by Kirkby and Wheeler (reference 50) is accon-
panied by fluctuations in pressure of the same frequency
not only in closed but in open tubes for which the pres—
sure may be equalized. In this connection the tests of
Coward (reference 51) carried out in tubes of various di—
ameters — from 10 to 30 centimeters — and of lengths from
5 to 30 meters are particularly instructive., The photo-—
graphic recordings shown in figure 23 of the propagation
of the flame with the corresponding pressure dilagram were
obtained for the combustion of a methane—air mixture (10
percent methane) in a 5 meter tube open at the ignition end.

The dependence of the frequency of the vibrations on
the length of the tube and the presence of harmonics in
addition to the fundamental frequencies show that vidbra-
tional combustion is associated with the resonance vibra—
tions of the gas column., The tests of Coward and Hartwell
have shown that the possibility of the occurrence of vibra—
tions and the amplitude of the latter, to a strong degree,
depend also on the condition of release of the explosion
pressure. Thus by gradually moving up a plate to the open
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end of the tube the authors obtained a number of pressure
recordings shown in figure 24. The diagrams show the
place of occurrence of the vibrations and their frequency
and amplitude (the right—hand scale). The vertical trace
indicates the instant of ending of the combustion — when
the flame front of the closed tube reaches the end of the
tube (length of tube 5 m, & = 10 cm).

The first diagram was obtained under conditions corre—
sponding to figure 23, that is, at full opening at the ig—
nition end of the tube. The vibrations die down and finaglly
completely vanish on placirg in front of the open end of
the tube a plate with a small aperture (about 15 mm) or a
piece of glass wool. A%t full closure of the tube, however,
vibrations again arise with a considerable increase in the
anplitude and rise in the rate of combustion. The same
change in the conditions at the ignition end — a gradval
decrease in the aperture — in a tube of diameter 30 centi-—
meters did not lead to a suppression of the vibrations but
only to an earlier occurrence.

The practical significance of these tests is directly
connected with the explosive effect of vibrations, and oa
the basis of thelir results obtained in tubes of small di-
ameter (about 10 cm) the authors recommend protective
screens with a certain aperture by which the vibration can
be suppressed.

liany investigators have atteunpted to associate vibra—
tional combustion with "knocking" in the engine.* This,
however, has been disproved by direct investigation of
detonating combustion in the engine and also by the further
study of vibrational combustion itself.

By comparing the amplitude of the pressure fluctua—
tions arising in combustion in a bomb for various fuels
Kiichling (reference 52) came to the conclusion that "the
chemical structure of the fuels and also their associated
physical properties, for exanple, the self—ignition temper-
ature (and we may add the detonation characteristics) con—
trary to all expectation show only an entirely negligible
effect on the occurrence of vibrations (or as the author
calls them the phenomenon of knock) in the bomb."

It is sufficient to show that the amplitude of vibra—
tion for benzol, toluol, or ethyl alcohol (a fuel with
maxinum detonating stability) was the same as that for heptane.

*For a discussion of these papers see article by Sokolik and
Voynov (reference 42).
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It was moreover observed by Xlchling that the par—
tial substitution of nitrogen by oxygen leads to a sup—
pression of vibration with a simultaneous increase in the
rate of combustion., The necessity for the occurrence of
vibration at some quite definite speed of combustion cor-—
responding to conditions of resonance is indicated Dby the
fact that with hydrogen the maximum amplitudes of vibra—
tion were observed both with the mizxture with maximun
speed of combustion (36 percent H,, speed of the flame

35 m/sec) and with the limit of inflammability (10 percent
E_, speed of the flame about 1 m/sec).

Lewis and Von Elbe (loc. cit. 317) reject any con-—
nection of vibrational combustion with the phenomenon of
resonance and assert, for example, that (under certain con—
ditions) "the phenomenon of vibrations does not depend on
the size and shape of the vessel." This statement is sim—
ply untrue. Their own very few experiments with hydrogen—
air mixtures led them to the conclusion that the occurrence
of vibrations was associated with the presence of excess
oxygen or nitrogen, particularly of the first (we may note
that vibrations with maximum amplitude were observed by
Elichling also in mixtures with oxygen deficiency). An origi-
nal exnlanation of vibrational combustion is proposed by
Lewis and Von Elbe, namely, that it is due to an "excitatiorn
lag," a lag in the establishment of uniform distribution of
energy between the kinetic and internal (vibrational) ener—

gies of the molecules O, and N,. This lag and conse—

guently the abnormnal excesses of kinetic energy is greater
the lower the combustion temperature and for this reason
according to the authors 1t should be particularly sharp

in strong dilutions with oxygen and nitrogen. The "excita—
tion lag" denotes a certain change in the heat capacity
with tine, namely, its gradual increase with establishment
of equality of energy distribution, The transformation of
an excess of kinetic energy into vibrational should be re—
lated to the lowering of the nressure in accordance with
the equation:

3/2 pv = N1/2nV?

The heating of the internal gas layers due to compres—
sion in the process of combustion leads to a rapid estab—
lishment of uniform energy distribution and to a decrease
in the volume of this part of the burning gas; hence the
formation of a mass gas flow directed inwards and the oc—
currence of pressure waves.,
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In evaluating the above hynothesis account should be
taken of the fact that it proceeds from the necessary ex—
istence of those conditions which produce a temnmerature
gradient in the products of combustion and which arise
naturally only in closed vessels. Vibrational explosions,
however, as follows from the tests of Coward and many
other investigators as far back as Hallard and Le Chatelier,
are also observed in open tubes where these conditions do
not obtain, where there is no adiabatic compression of the
gas increasing with the combustion and a corresponding in-
crease in the temperature of the nucleus and where, on the
contrary, the temperature of the combustion products is
continually lowered due to heat transfer. TFor this reason
the hypothesis of Lewis and Von Elbe at the most may have
limited application to the case of combustion of lean mix—
tures in closed tubes,

DETONATZION

Structure of explosion wave.— According to the classi—
cal concepts {reference 53) as to the causes underlying
detonation or explosion waves the latter represents a si-—
multaneous propagation with the same velocity (exceeding
the velocity of sound) of a shock wave (that is, a wave
with an instantaneous large increase in pressure) and a
conbustion wave, An exact coinciding of both wave fronts
was generally assumed, as schenatically represented in
figure 254, This means that the instantaneous pressure
produced by the shocl: wave should give rise to an instan—
taneous (that is, with =zero lag) seli—ignition of the gas
nixture.

The propagation of a combustion wave with the sane
velocity as the shock wave leads to the following funda—
mental differences between detonating and normal combustion:

1. In déﬁqting combustion self—~ignition of the gas
arises from adiabatic compression of the gas
by the shock wave according to the dynamic
adiabatic of Hugoniot which differs from the
usual Poisson adiabatic as shown in figure
26 by the higher increase in the pressure for
the same decrease in volume.

2. In detonating combustion the condition of mixture
ahead of the explosion wave front remains
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unchanged and the self—ignltlon conditions of

each layer of the gas also renain unchanged.,

The explosion wave thus represents in its very

nature a stationary type of combustion propa—

gation, G- .

. 3¢ Finally in detonating explosion a continuous
equalization of the pressure throughout the
volume of the gas occurring simultaneously
with the flame propagation is not possidble
(as with normal combustion) since the pressure
wave 1s propagated simultaneously with the
flame front and with the same velocity.

The tnvestigations of recent years have led to a
fundamental correction in the concepts as to the struc—
ture of the explosion wave. Different authors almost
simultaneously and independently of one another came to
the same conclusion, namely, that in the detonation wave
there always, except perhaps for special cases, occurs a
certain interval between the explosion wave front and
that of the combustion wave as schematically represented
in figure 2063,

Bone and his coworkers (reference 54) in 1935 pub—
lished the results of an extensive investigation on the
structure of a detonation wave which he studied with the
aid of a new high—speed photographic Fraser camera, fig—
ure 27. The flame is photographed on a stationary film
with the aid of a mirror silvered on both sides and ro-
tating in an evacuated chamber (to decrease the resist—
ance at the high rotative speed of the mirror). The
apparatus gives a record corresponding to a linear ve—
locity of the picture on the film up to 1000 meters per
second, The photograph shown in figure 28 gives a de—
tailed analysis of the process of formation of explosion

waves in the mixture 200 + 0, mnotwithstanding the fact

—4
that the entire process lasts no longer than 10

second,

The self—ignition in a shock wave initiating the
detonation occurs at the distance of 64 millimeters from
the flame front. From the point of view of Bone this
distance is the maximum within which "the radiation from
the flame front, absorbed by the compressed gas in the
shock wave, may lead to such rise in the temperature and
intensity of activation of the molecules as will result
in self—ignition in the shock wave" (loc., cit. 39).
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Although an interval between the flame front and the place
where the detonation wave arises was observed by Bone with
sufficient distinctness only for carbon monoxide the ob—
servation provided him with a basis for reaching a general
conclusion that "the detonation wave must be looked upon
as the more or less stable combination of two separate and
separable components, namely, an intensively luminous flanme
front and an invisible shock wave immediately ahead of it!
(loc, cit. 31).

The instability of the explosion wave and the "separa—
bleness® of both components of the same mixture is proven
by Bone Dby a number of phenomena. Thus on decreasing the
diameter of a tube to 3,5 millimeters (near the limiting
diameter for the propagation of the explosion wave) there
is observed a periodic extinction of the detonation wave
"as a result of the cooling effect of the walls." The same
periodic extinction of the detonation wave occurs on passage
of the waves through a narrow layer of nitrogen (about 6
mm) the velocity of the wave dropping from 1800 to 700 miles
per second, or on placing a section of the explosion tube
in the field of a powerful electromagnet directed along the
tube axis (a drop in the velocity by 90 m/sec) or finally
on passage through an electric field (the velocity drops to
almost half its value particularly in the passage of the
wave from the cathode to the anode explained by Bone as
due to the drawing off from the wave froat of C + O ions)
All these tests according to Bone show that even a slight
slowing in the flame froant (due to the action of one of
the factors given above) leads to a complete breakdown of
the unstable relation between the combustion zone and the
wave front and to a complete separation of the forward
shocix wave from the flame front. In his conclusions Bone
does not remark on any possible relation between the struc—
ture of the explosion wave and the kinetic properties of
the mixture although his tests do give some indication of
such a relation. We may note that neither the characteris—
tic Yinterval" during the occurrence of the detconation
wave (self—ignition ahead of the flame front) nor the ex—
tinction of the wave in passing through an electric field
were obtained for many other oxygen mixtures investigated
by Bone, such as hydrogen and methane.

The relation between the structure of the detonstion
wave and the kinetic properties of the mixture is most
clearly brought out by the detonation limits, that is, by
mixtures of the limiting concentrations at which detona—
tion waves may arise. A systematic ianvestigation of the
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detonation limits in our laboratories (references 55 and
56) has provided frequent examples of the fact that the
unstable character of the detonation wave is closely con-—
nected with the chemical characteristics of the mixture;
thus, for example, in mixtures of 00 with oxygen the Ilimit—
ing detonation wave presents the character of a stable
wave when small amounts of hydrogen are added (which fact
is assoclated with the sharply accelerating action of hy—
drogen on the oxidation of carbon monoxide)j on the con—
trary in mixtures of methane with oxygen the detonation
wave becomes less and less stable as the mixture is diluted
with nitrogen.

In correspondence with the scheme of figure 25B a
stable propagation of a detonating wave is possible under
conditions where the self—ignition lag at the pressure
and temperature of compression in the shock wave does not
exceed a certain limiting value, otherwise the gas layer
is in a rarefaction zone following the compression (in
the shock wave) and cools before self—ignition can occur.
Thus notwithstanding the extremely small time interval
during which the gas is traversed Dby the shock wave the
possibility of its self—ignition (and this is the funda—
mental condition for the existence of an explosion wave)
will be determined Dby the kinetics of the oxidizing re—
actions during compression in the explosion wave. Fronm
this point of view some interval between the shock wave
front and the combustion wave should occur in every ex-
plosion wave and should show up most sharply near the deto—
nation limits,

The greatest direct confirmation of the above con—
clusions is provided by tests in which through certain
small additions of H_, or O H_, (up to 0.3 percent) to

nondetonating mixtures of CO0 with air a stable propaga—
tion of an explosion wave was obtained. The energy of
combustion of the mixture remained uvnchanged but its re—
action ability was increased.

The kinetics in the reaction zone can be affected
also by varying, for example, the power of the shock wave,
that is, by an increase in its pressure and temperature.
This is the object of the tests of Paymar (reference 57)
who first obtained the propagation of an explosion wave
in a methane—air mixture by inflammation from a shoek wave
due to the explosion of a powerful charge of fulminating
nercury (50 g).° In this connection it would be interest—
ing to obtain a detonation wave in the same methane—air
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mixture Dy the addition of small quantities of NOB ‘the

catalyzing action of which on the oxidation and self—

ig?ition of methane is widely known (references 58 and
59).

Detonation spin.— With the structure of the detona—
tion wave there is associated, though not yet clearly,
the phenomenon of "detonation spian® giving a characteris—
tic "stratified" structure on the photographs of explosion
waves (fig. 29). As far back as 1926 Campbell and his co-—
workers (reference 60) on the basis of their tests came to
the conclusion that such a character of the photographic
recordings was due to the motion of the detcnation wave
front along a spiral path. This among other thiangs is con—
Tirmed by the facv that the detonation wave leaves a spiral
trace on the walls of a tube covered by a layer of silver
or lead, the pitch of the spiral exactly agreeing with the
pitch measured on the photographs.¥ :

The assumnption was natural that the Wspin" was con—
nected not only with the spiral motion of the combustion
zone but also with the motion of the gas. The method of
high—speed photographic analysis with the aid of the Fraser
apraratus shoved, however, tie incorrectness of this as—
sunption and has led to a new treatment of the phenomenon
of detonation spin. The photograph in figure 30 of a det—
onation wave in a mixture of 200 + 02 shows that the

Tstratified” structure which we see on figure 29 actually
presents, as the authors write, a "secondary effecth formed
by the intersection of two series of lines, cne of then

due to lumincus particles moving ahead of the wave front
with a velocity of 780 meters per second (this is the mass
velocity u forming one of the velocity components of the
detonation wave: D = u + ¢, where ¢ 1is the velocity of
sound at the corresponding temperature); the second series
of lines is the trace of the compression waves traveling
through the heated medium with the resultant velocity 320
meters per second (this veloecity is equal to 1100 to 780
n/sec, that is, the difference between the true velocity of
the compression wave and the oppositely directed velocity
of the gas). This shows tnat during each complete rotation
of the detonation wave there is a sudden inflammation of a
portion of the gas at the instant when the shock wave front
passes through or immediately thereafter (loc. cit. 38).

*Por a review of these papers see my monograph, "Combustion
and Detonation in Gases.% opp. 43—49, 1934,
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On the basis of these detonation tests the detona-—
tion wave nust be considered not as continuous process of
combustion wave propagation simultaneously with the shock
wave but as a periocdic self—ignition of the gas caused by
the shock wave.

The observations of various investigators indicate
a Adirect relation between the periodic character of det-—
onating combustion and a wave structure such that it is
possible to assume a more or less consideradble interval
between the self—ignition point and the shock wave front.
Thus in the tests of Bone and Fraser (reference 61) the
Tspin' is always observed near the occurrence of the det—
onation wave; whereas in the steady wave 1t is absent in
some mixtures (or in any case not observed). The ex—
tinction of the detonetion wave in passing through a layer
of an inert gas or an electric or magnetic field also re—
fers only to a wave with a "spiral' structure.

In the tests of Bretorn (reference 62) and our own
(reference 55) spin was almost always observed in mixtures
near the detonation limits (including hydrogen mixtures),
that is, where self—ignition in the detonation wave oc—
curs with maximum possible lag and vanrishes as this lag is
reduced by adding, for example, hydrogen to mixtures of
carbon monoxide.

Attempts at a theoretical analysis of the phenomenon
of detonation spin (references 63 and 64) so far have only
a qualitative character and lead practically to the es—
tablishing of a periodic self—ignition in the shock wave
with a certain lag but in no way explain the occurrence of
rotation of the detonation wave front.

We may note, finally, that the propagation of detona—
tion waves in so0lid explosive substances likewise gives a
spiral trace (reference 65) explained by Huraour (refer—
ence 66) as due to the occurrence in the gas at supersonic
speeds of periodic alternations of compression and rare—
faction.

Detonation in the internal combustion engine.— The

application in our laboratories of the high—speed photo—
graphic method to the investigation of combustion in the
engine has led to the estabvlishment of a fundamentally im—
portant fact, namely, the formation in the engine under
kFnocking conditions of an explosion wave with all its char—
acteristic properties (reference 42). With this was con—
cluded a certain stage in the investigation over many years
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of the nature of detonation in the engine and again the
guestion was raised as to the mechanism of its occurrence.
At the same time our tests led to a number of new attempts
at treatment of the detonating combustion in the engine

such that it would not .be necessary to identify such conm-—
bustion with an explosion wave. In describing detonation
waves large use is nade of the tests of VWithrow and Rassweller
with their high—speed camera recordings,

Figure 31 shows six series of photographs obtained on
a detonating test engine (see fig. 17) starting from the
instant directly preceding the detonating explosion. Up %o
this instant the flame propagation in no way differs fron
the normal regime of the engine., The authors note as a
characteristic property of detonating combustion the appear—
ance of a flame center {or centers) ahead of the primary
flame front indicating self—ignition in the last part of
the charge. On this basis it is stated that "knock is
certainly not the result of a sudden increase in the veloc—
ity of propagation ahead of the flame" but is the almost
instantaneous propagation of the flame from the self-igni-
tion center. Finally, it is remarked that the "detonating
self—ignition®™ of the last part of the charge leads to a
sharply accelerated motion of the gas in the main part of
the combustion chamber and directed toward the spark plug.

Just what is new in these observations? They show
first of all that the flame under knock conditions envelcpes
the last part of the charge for a time less than the in—
terval between two successive exposures (20 rotation of
the crankshaft, corresponding at 900 rpm to 1/2700 sec).
This can give only a lower limit of the velocity of flame
propagation in knock, namely, that it 1s above 180 meters
per second, At the same time our measurements conducted at
considerably higher recording velocity (accurate to 0.1°
of shaft rotation) give the true magnitude of this velocity
as 2000 meters per second.

As regards the place of origin of the detonation our
recordings (fig. 32) likewise show with great clearness
that self—ignition often accompanies detonation waves propa—
gated at a small velocity. The detonation wave may arise
simultaneously both from the primary flame front and from
the secondary formed during self—ignition. (See fig. 32C.)
Finally of special importance is our observation that at
relatively early self—ignition the occurrence of detonation
generally becomes impossible,
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In 1938 Laffitte (reference 67) propcsed a new de—
seription of detonating combustion in the engine (to ex—
+ plain the wave velocities obtained by us) on the basis
of his analogy with the phenomenon of "flame rejection."
By exploding a detonating mixture of butane or acetylene
with oxygen in a glass tube separated from another open
tube by a thin celophane diaphragm Laffitte obtained
photographs similar to those shown in figure 33.

Fundamentally these are the usual photographs of det—
onation waves arising as -a result of a predetonation travel
of the flame (see below) and sharply differ from the photo-
grophs of detonating combustion in the engine where the
sudden formation of detonation waves is characteristic,
Laffitte, however, calls attention to the fact that here
self—ignition arises at the place of the celophane rupture
(which fact as we have seen indicates a special structure
of the explosion wave) and that the propagation of the
flame with the detonation velocity (1700 to 1900 m/sec)
takes place in the second, open tube (in a small part of it)
in the gas immediately after the diaphrazm rupture. A4An
analogous flame ejection with increased velocity occurs ac—
cording to Laffitte also in the engine from the self—igni—
tion centers forming the so—called Ydissociating detonation"
(a term of Jouget identical with the concept of a finite
interval befween the shock wave and combustion wave fronts
(reference 67a).

The "theory" of Laffitte widely acclaimed in France*
in no way offers anything new as to the nature of detonat—
ing explosion in the engine as announced by the author bdut
only repeats the conclusions of Withrow and Rassweiler re—
garding the position of origin of detonation, making use
of an entirely arbitrary analogy between combustion in the
engine and in tubes,

Finally Broeze (reference 68) (director of the experi—
mental station at Delft) proposes still another explanation
of our tests as schematically presented in figure 34a,

This author writes: "When the secondary flame (from self—
ignition at centers 4to5) is propagated from the lateral
vart of the chamber its front may cut out a narrow field
of view in the window under a certain angle so that the
measurement of the velocity as presented by Sokolik and
Voynov is incorrect.®

*See the article in Nouvelles de la chimie, March 1939,
no. 51.
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This curious interpretation of our photograph records
is partly due to an insufficient study of them for other-—
wise the author would observe also the occurrence of a "re—
tonation" wave (see fig. 3%4b) which cannot be explained as
an optical illusion, and partly to a strange assumption
that in all the tests the secondary flame front by chance
passes through the field of view always under the same
angle corresponding to the detonation velocity. Finally
the explanation of Broeze 1s conveniently silent regarding
the source of formation of reflected shock waves which, as
we have shown, are formed by the detonating and retonating
waves and a long time after the end of combustion are still
provagated in the cylinder with supersonic velocities.

Thus our test results indicating the formation in the
knocking engine of an explosion wave are in no way shaken
by the succeeding investigations and as before must lie at
the basis of modern concepts as to the nature of detonation
in the engine.

Fow then is the mechanism of detonation in the engine
to be pictured? It is necessary first of all to note par—
ticularly the principal differences in the »nrocesses of
formation of detonation waves in oxygen mixtures in the
tube and in the engine. In the first case a shock wave
arises through the accumulation of successive compression
waves. This process, theoretically described by Jouget
(reference 53) and Becker (reference 69), was experimentally
reproduced by Payman (reference 70) with the aid of the
Toepler nethod permititing the observation of compression in
the gas after the passage of a compression wave -(making use
of the change in optical density of the medium).

The photograph recordings in figure 35 show that the
detonation wave in tubes arises at the place where s series
of compression waves unite and as a result of the flame
dispersal in the predetonation period, That another source
must be assumed for the formation of a shock wave in the
engline follows from the fact that the propagation of the
flame before the occurrence of the detonation in this case
in no way differs from the comnbustion under normal engine
conditions and, as shown by our photograph records, and
those of Withrow and Rassweiler, -the propagation takes place
at a small velocity (13 to 20 m/sec). This and a number of
other considerations* forces us to the coanclusion that the

*See my article in Progress in Chemistry (USSR), 7, 976,
1g38.
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formation of the explosion wave in the engine is entirely
conditioned by a preinflammation oxidizing process in the
last part of the charge. .

Without going into the chemistry of this process we
nay remark merely that it is analogous to the preinflamma-—
tion processes which take place in the first stage of the
induction period in the self—ignition of hydrocarbons in
the low—temperature zone (see fig., 7) and which consist
essentially in the accumulation of critical concentrations
of the active products of the intermediate oxidations (per—
oxides). It must be assumed that these products are not
uniformly distributed over the entlre volume of the lasi
part of the charge dbut, as always occurs in preignition
oxidations, are localized in individual portions of it.
The inflammation of these centers with critical concentra-—
tions of peroxides by the flame front tongues should occur
with a limiting short lag and with the Tormation of a local
sharp pressure rise. This is the shock wave initiating
the explosion wave in the remaining part of the charge.

This mechanism of the formation of the shock and det—
onation waves in the engine differs from the "anuclear?
thieory of detonation recently proposed by Serruys (refer—
ence 71) in this essential respect, namely, that the latbter
theory considers the formation of the shock wave as an im—
mediate result of the inflammation of individual centers
(nuclei) due to their heating, an assumption which, as we
have seen, contradicts direct observations.

The proposed explanation leads to the interesting con—
clusion that one of the effective methods: of suppressing
detonation in the engine may be an intensive mixing of the
last part of the charge thus preventing the formation of
local centers with high concentration of peroxides. This
is possibly the explanation of the notable antidetonating
properties of the combustion chamber construction of Serruys
shown in figure 36. The concentric grooves, from this
point of view, not so much increase the cooling of the last
part of the charge (to which Serruys himself ascribes the
antidetonating effect) as make possible a turdbulence and
mixing of the charge thus rendering difficult the formation
in the chamber of "detonating inflammation.?

Translation by S, Reiss,
National Advisory Committee
for Aeronsutics.



38

14,

a.

16.

WACA Technital Memorandum No. 1025
REFERENCES
Scmenoff, ¥, N.: Chain Reactions. Goschimtechizdat,
L., 1934.
Worrish, R. G, W,: Proc, Roy. Soc., 150, 36, 19353
157, 503, 1936,
Sachsse: Chemical Progress. (USSR) 7, 436, 1938.

Van!t Hoff, J. H.: Outlines of Chemical Dynamics.
1936,

Dixocn and Bradshaw: Jour. Chem. Soc., 105, 2027, 1914,
Yorrish, R. G. W, PFroc. Roy. Soc., 135, 334, 1932;
Sow. Phys., 3, 225, 19333 Proc. Roy. Soc., 167, 292,
1938.

Todes, O. l,: Journal of Physical Chemistry. (USSR)
13, 888, 1939.

Frank—Kamenetslty, D. A.,: DAN, 18, 411, 1938,
Zeldovieh and Yalovlev: DAN, 19, 699, 1938.

Zagulin, A, V.: Journal of Physical Chemistry. (USSR)
4, 92, 1933.

Faylor and Wheeler: Jour. Chem, Soc., 1426, 1935,

Townend, D, T. A, Ignition Regions of Hydrocarbons,
Chemical Reviews, 21, Oct, 1937, pp. 258—278.

Kravets, Yantovsky, and Sokolilk: Journal of Physical
Chemistry. (USSR) 13, 1742, 1939.

Tizard, E. T. and Pye, D, R.: Experiments on the Ig-
nition of Gases by Sudden Compression, Phil. Mag.,
24, (6) July 1922, p. 79.

Feiman and Yegorov: Journal of Physical Chemistry.
(ussr) 3, 61, 1922,

tern, Hravets, and Sokolik: Journal of Physical
Chemistry. (USSR) 11, 706; 12, 69, 1938,



17,

18.

25.

26.

27.

28.

29.

30,

3l.

32,

FACA Technical Memorandum Fo. 1025 39

Kaulin, Neiman, and Serbikov: .qur. Tech, Phys.,
(Ussr) &, 1936, p. 183.

Kaulin, Michailov, and Neiman: Irnition Tests of
Diesel Fuels in a Bomb (Cetene Numbers).
Dieselstroyenie, no, 6, June 1926, pp. 4—9.

Horozov and Smirnov: Dieselstroyenie, 'no., 10, 1938,
pn 3.

Solrolik, A. S.: Acta Physicochimica. (URSS) 11,
1939, 381.

¥eiman, M. B.: OChem. Prog. (USSR) 7, 1938, 341.
Kane, G, P.: The Two—Stage Auto—Ignition of Hydro—
carbons and "Knock." Proc. Royal Soec.,, 157,

July 7, 1938, pp. 62-80,

Sachsse: %, Physik. Chem., B—33, 1936, 229,

Silver, E. S.: The Ignition of Gaseous lMixtures by
Hot Particles. Phil, Mag., (7), 23, Suppl. April
1937, pp. 633—-657.

Paterson, S.: The Ignition of Inflammable Gases by
Hot Moving Particles. Phil., Mag., (7) 28, July
1939, pp. I 1-23,

Coward and Hartwell: Jour. Chem. Soc., 2676, 1932;
546, 1933,

Coward, H. F. and Payman, W.: Problems in Flame Propa—
gation. Chem. Rev., 21, no. 3, Dec. 1937, pp. 359-—
366.

Mallard et Le Chatelier: Ann. d. liines, 8, 274, 1883.

Voronkov and Sokolik: Journal of Physical Chemistry.
(USSR) 6, 1385, 1935.

Ribaud et Gaudrys: XVIII Congr. de Chim. Ind., Nancy,
l, 18-C, 1938,

Chitrin, L.: Tech., Physies URSS, 4, 110, 121, 1937.

Gouy: Ann. 4, Chim. et Phys., 18, 1, 1879.




(%5}
[s))
.

43,

44,

NACA Technical Memorandum No, 1025

Michelson, V. A.: Collected Works. Moscow, 1930,
Smith, F. A.: OChem, Rev., 21, 389, 1937.

Lewis and Von Elbe: Combustion, Flames and Explo—
sions of Gases. Cambridge, 1938.

Stevens, ¥. W.: The Gaseous Bxplosive Reaction at
Constant Pressure. The Effect of Inert Gases.
Jour, Amer,., Chem. Soc., vol. 50, Dec. 1928, pp.
32443258, Jour. Amer., Chem, Soc.,, vol. 48,
1926, p. 1896, The Gaseous Explosive Reaction —
The Effect of Pressure on the Rate of Propagation
of the Reaction Zone and Upon the Rate of Molecu—
lar Transformation. Report No, 372, NACA, 1930,

¥iock, BE. ¥F., and Marvin, C. F., Jr.: The Measure—
ment of Flame Speeds, Chem. Rev., 21, Dec. 1937,
Pp. 387387,

Schnauffer, K. &.,V.D.I., 75, 455, 1931; SAE Jour.,
34, 17, 1934.

Abugov and Sokolik: <¢.E,T.Ph., 3, 438, 1933.

Rabvezzana and Kalmar: Auto. Bng., 29, 347, 1934.

Withrow, L., and Boyd, T. A.: Photographic Flame
Studies in the Gasoline Engine. Industrial and
Engineering Chemistry, vol. 23, no. 5, May 1931,
Pp. 539-547.

Sokolik and Voynov: Izvestia AN SSSR, OMEW, 123,
19387, '

Rasswveiler, G. il,, and Withrow, L: Slow ilotion Shows
Knocking and HNon—Knocking Explosions, ©SAB Jour,.,
vol. 39, 1936, pp. 297-303, 312.

Rassweiler, G. ., and Withrow, L.: High Speed liotion
Pictures of Engine Flames Correlated with Pressure
Cards. ©SAE Jour., vol, 42, May 1938, pp. 185-204,

Lllis and Wheeleri Jour. Chem. Soc., 310, 1927.

Mache: Die Physik der Verbrennungserscheinungen,
Leipzig, 1918.

Ribawvd: Chaleur et Industrie, 20, 15, 1939,




48-

58,

59.

60.

61l.

62.
63.

64.

HACA Technical Memorandun ¥No, 1025 41

Rassweiler, G, ., and Withrow, L.: Flanme Tempera—
tures Vary with Xnock and Combustion—Chamber
Position. SAE Journal, vol. 36, Apr. 1935,

Pp. 125-136, 146.

Peletier: Chaleur et Industrie. Discussion. 20,
1939.

Kirzby and Wheeler: Jour. Chen. Soc., 847, 1931.

Covard, Hartwell, and Georgeson: Jour. Chen. Soc,.
1482, 1937.

Xlichling, A.: 2Z.V.D.I., 82, 1126, 1938,
Jouguet, B.: Mécanique des Explosifs. Paris, 1917,

Bone, W. A.,, Fraser, R. P., and Vheeler, W, E.: A
Photographic Investigation of Flame Movements in
Gaseous Explosions. Part VII-TYhe Phenonenon of
Spin in Detonation. Phil. Trans., Zoy. Soc, of
London. 7Vol. 235, 1935, »p. 2%—6¢c.

Eivin and Sokolilz: Journal of Physical Chemistry.
(USSR) 7, 5%1; e, 787, 1935; 10, 688, 692, 1938.

SokoliXkx, A,: Jour. Phys. Chen.
1239. ’

—~~
ci

SSR), 13, 1031,
Payman, W., and Shepherd: Proc. Roy. Soc., 158, 348,
1937,

Torridh and Wallace: Proc. RHoy. Soc., 145, 307,
1934.

Coward, H. F.: Jour, Chem. Soc,, 1382, 1934.

Campbell, Finech, and Woodhead: Jour. Chem. Soc.,
1925, 30103 1572, 1¢27; 2094, 1928.

Bene, W. A., Praser, R. P.: Phil. Trans., 230, 363,
1931.

Breton, J.: Théses, Nancy, 1936.
Becker, R.: Z, Elektrochem., 42, 457, 1936.

Jost, We: Z, Physik, Chem., B 42, 136, 1939.




42

69.

7C.

71.

NACA Technical !emorandum Na. 1025

Urbanski: Z, .Ges. Schiess.-u. Sprengst., 22, 270,
1927. ’ : . ’ : : .

liuraour: Ohimie et Industrie. 42, 6504, 1989,

Laffitte, P.: La Propagation des Flammes dan les
lielanges Gazeux. Paris, 1939; C.R,.,, 206, 603,
1648, 1938,

- ' s ’ ]
Jouguect, E.: La Scicnce Aeriennc. 3, 138, 1934,

Broeze, Van Driel, and Peletiez: Schriften der
Deutsch. Akademie der Luftfahritforschung. Heft 9,
lg3¢9,

3ecker, R.: Impact Waves and Detonation, T.ll, N¥os.
505 and 5086, WACA, 1929.

Payman, W. and Titnan, H.: Explosion Waves and Shock
Waves., Pt, III: The Initiation of Detonation in
Hixtures of Ethylene and Ozygern and of Carbon
lionoxide ard Oxygen. Proc. Roy. Soc., 152, Nov,
1, 1935, »np. 418-—-445,

- »
Serruys, M.: La Combustion Detonante dans les
Hoteurs o EZxplosions. Paris, 1937.



NACA Technical Memorandum No.

Figure 1.~ Self-ignition in an ad-

iabatic bomb (Dickson and Bradshaw).

Figure 4.~ Sketch of ap-
paratus for

the investigation of
self-ignition.

)
4

oM RO H

prechamber,

bomb;

guick-action valve,
window for visual
observation,
diaphram manometer.

1025 Figs. 1, 2, 3, 4

J 2/

Figure 2.- Derivation of

the limiting
conditions of self-ignition
(8emenoff).

Figure 3.~ Limits of the
region of self-
ignition of hydrocarbons
within a large pressure
interval. The dotted lines
(T) denote the limits ac-
cording to Townend.
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Figure 5.- Examples of pressure recordings during
self-ignition.
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W, gure 6.- Differential op-

tical maidometer

s for the study of the kinet-
ics of the explosion proc-

i cess(design of A. N. Voynov

4 and A. I. Bikov).
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Figure 7.~ Pressure diagram obtained with the aid of the differential
indicator for the self-ignition of heptane (tests of Kravets
and Yantovsky). 1, cold flame; 3, hot flame.
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Pigure 8.~ Temperature distribution in

according to tests of Sachsse,
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Figure 10.~ Effect of the diameter
of the particles on
tne seif-ignition temperature of
gases for v~0 (Silver).
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Figure 9.~ Set-up for the investigation of self-
ignition of a gas by heated particles.

td

Flgure 25.~ Schematized explosion
wave: A~ exact coinci-
dence of tne flame front (¥) with
the front of the shock wave (G);
B~ with 2n interval betveen them.
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Figure 26.~ Hugoniot
adiabatic
() and Poisson ad-
iabatic (P).
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Figure 12.- Series of instantaneous

Figure ll.- Explosion of coal dust in g mine
opening. Top- ejection of dust
cloud: bottom~ flame front.

Figure 14,.,- Soap bubble
in which

flame propagation at

constant pressure is

. observed.

photographs of flame : )
propagation in tubes (Coward and Hartwell).

Figure 13.- Increase in
cone area of
the flame on lowering
the normal combustion
velocity (Chitrin).

Figure 15.- Instantaneous
photographs

of a spherical flame front

for combustion in a soap

bubble (Fiock and Marvin).
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[ S

Figure 17. -~I-Iea.d of a single-

Figure 16.- g%g;:gation ; _ cylinder engine
wit W

in a soap bubble developed R;sgwgg?.zr)z ?_OPBI()aiih;gzgand

on a moving film (stevens). 2. intake valve

From
Ito6
Dy - A + 1 e e J

~29° -266° ~242° -216° -194° -175°
7fo/2-!---- Figure 18.- Series
. . . £ of
—He 52 4 i instantaneous pho-
tographs of the ,
/3megi !DL !i !m flame front for
normal operation
il il +o g4 4" . of the engine®
‘ d . J (Withrow and
b B I e T [ R
VP , + 5 o, Y erd .
: e +156° L 2 #238° r262°
- P
S e +30° ~Jig 580 g 5"
700
%
a9r Figure 19.- Relation between
0 the increase in

pressure due to combustion (°)
and the mass of burning charge
§+), TDC- top dead center
Withrow and Rasseweiler).
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Figure 2l1l.- Spectrum showing
the reversal of

the sodium lines on gradually

increasing the temperature of

the 1light source

(Withrow and Rassweiler).

5. 1Lt 9. 3,3

Nondetaonating
3700% 4300'/' JI50F

=B

Detonating
7800°F 4550°F  J850°F

0o (3

Figure 22.- Temperature at varlious
parts of the charge for
normal and detonating combustion
in the engine (Withrow and Rassweiler)
1. 10 after ignition,
2. 45° after ignitionm,
3. 10° after ignition,
4. 35° after ignition.
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Figure 20.- Series of instantaneous photographs with retarded
luminosity for the combustion of carbon monoxide

(Ellis and Wheeler). The figures under each picture denote the

time from the instant of flash in thousandths of a second.
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Figure 39.- Detona-
tion
epin in the mixture
3C0 + O (Bone and
Fraser).

Image

sran
Ex’al-f‘;/be

Film

Mirror

Figure 27.- High-speed mirror
arrangement of

Fraser camera.

Sty Figure 38,~ Photo-
Y L 'a}?::q ' ’ gl'&ph
Figure 23.- Photographs of vibrational combustion of explosion wave

with the pressure diagram for the com-

bustion of methane in
Hartwell).

an open tube (Coward and

in the mixture
3C0+ 0z (Bone,
Fraser and Wheeler).
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Figure 24.- Variation of the amplitude of vibration of the pressure
for various degrees of opening of the tube (Coward and

Hartwell). Ap change in pressure in pounds per square inch.

*ON umpuBIOWSN TBOTUYOSL VOVN

Se0T

yg 314




NACA Technical Memorandum No.

Figure 30.- Detonation
spin in
the mixture 3C0 + 02
obtained at high speed
(Bone, Fraser and

Wheeler).
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Figure 3l.- Series of instantaneous photographs of

detonating combustion in the engine
(Winthrow and Rassweiler).
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Figure 38.- Record of detonating combustion in the
engine (Sokolik and Voynov).
H - self-ignition ahead of the primary flame front.
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Figure 33.- Record of
flame
"ejection" in a mix-
ture of butane and
oxygen (Laffitte).

Figure 34.- a, possible
explanation

of 8okolik and Voynov,

side centers of inflammation,

b, scheme of high speed photo-

graph record of detonation

wave in the engline

(Sokolik and Voynov).

F, primary flame front,

D, detonation wave,

R, retonation wave,

C, reflected shock wave.

Figure 36.- Antidetonating
combustion
chamber (Serruys).

JO%lg Ve 29,6 '

Figure 35.- Recording of flame (upper picture) .

and shock wave (lower picture)
during the formation of a detonation wave in
mixtures of ethylene with oxygen (Payman and
Titman).
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